INTRODUCTION
Changes in species composition in phytoplankton communities and developments of phytoplankton blooms are regulated by various physicochemical and biological factors in seawater environments (Marcarelli et al. 2006 , Pannard et al. 2008 . In particular, phytoplankton cell death due to living organisms, such as grazing by zooplankton (Buskey 2008) , killing and growth inhibition by some bacteria , Mayali & Doucette 2002 , and viral infection (Nagasaki & Brussaard 2008) , are considered to affect phytoplankton communities more species-specifically than temperature, salinity, nutrients, and other physicochemical factors. Algicidal bacteria, which can kill microalgal cells in co-cultivation and utilize the resulting organic matter for their own growth, are among the most important agents causing ABSTRACT: To analyze the interrelated dynamics of microalgae and algicidal bacteria (i.e. bacteria that kill and utilize microalgal cells) in a seawater environment, we investigated particle-associated and free-living algicidal bacteria during a diatom bloom in the Seto Inland Sea (Japan) in the summer of 2005. A conventional most probable number (MPN) protocol revealed that bacteria that are algicidal against the harmful microalga Chattonella antiqua (Raphidophyceae) increased in number towards the end of the diatom bloom, during which only a few cells of Chattonella species were observed. Relatively abundant heterotrophic bacteria were present during the bloom period, indicating that the bloom promoted the growth and activity of the ambient bacterial population, including algicidal bacteria. The algicidal abilities of 487 strains isolated from the particle-associated bacteria (PAB) fraction and 249 strains isolated from the free-living bacteria (FLB) fraction were tested against axenic cultures of 3 dinoflagellates and 3 raphidophycean flagellates. About half of the PAB isolates (231/487 strains) showed algicidal activity against 1 or more tested microalgae, while only 22% of the FLB isolates (55/249 strains) were algicidal. Eighty percent of algicidal bacteria from the PAB fraction could kill multiple species of tested microalgae, whereas most of the algicidal bacteria from the FLB fraction killed only a single species. These observations suggest that diatom blooms provide a habitat for algicidal bacteria with a wide prey range that potentially limit harmful algal blooms caused by dinoflagellates and raphidophycean flagellates.
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Resale or republication not permitted without written consent of the publisher the drastic termination of phytoplankton blooms (Imai et al. 1993 , Kim et al. 2008 . Such characteristics of algicidal bacteria have inspired scientists to apply them as a tool for controlling and mitigating harmful algal blooms (HABs) that occur naturally.
Several strains of algicidal bacteria have been isolated to date, and analyses of their 16S ribosomal RNA gene sequences have revealed that a variety of bacterial genera, such as Cytophaga (Imai et al. 1993) , Flavobacterium (Fukami et al. 1997) , Alteromonas , Pseudoalteromonas (Mitsutani et al. 2001) , and Vibrio (Yoshinaga et al. 1995) , can cause mortality in several species of marine microalgae including dinoflagellates, raphidophycean flagellates, and diatoms. Furthermore, investigations in cocultivation experiments have revealed the existence of 2 types of algicidal mechanisms: 'direct attack' (Imai & Kimura 2008) and 'algicide production' (Doucette et al. 1999) . In natural environments, a wide variety of algicidal bacteria are present and should influence the development and decay process of HABs (Yoshinaga et al. 1997 . However, there is a paucity of information on the ecology of algicidal bacterial populations, especially on their life style and habitat.
Bacteria in seawater are often classified into 2 different groups, viz. particle-associated bacteria (PAB) and free-living bacteria (FLB), according to their association with particulate organic matter (Bidle & Fletcher 1995) . Owing to the prerequisites of substrata, the type of particles available in seawater regulates the cell abundance, species diversity, and sedimentation rate of PAB (Grossart et al. 2003 , Jackson & Weeks 2008 . Particles floating in seawater are from heterogeneous sources including marine flora, fauna, and detritus. Algal cells, which change constantly in quantity and quality, can be a major source of particulate matter during a blooming period, providing substrata for PAB groups. The algal cells not only provide the physical substrata for PAB but also stimulate growth of heterotrophic bacteria on and near the cell, with algal exudates as an important carbon source. Moreover, the cell activity of PAB, such as exoenzymatic hydrolysis of organic particles and polymers, is known to be 2 to 3 orders of magnitude higher than that of FLB in the surrounding water, creating micro-scale 'hot-spots' (Long & Azam 2001) . Microalgal cells in seawater should influence the ambient bacterial assemblages in PAB and FLB fractions, including algicidal bacteria.
In the present study, we isolated PAB and FLB from seawater collected in the Seto Inland Sea (Japan) in summer, when a microalgal bloom composed of several species of diatoms occurred, and compared the algicidal activities of PAB and FLB isolates against several species of harmful algae belonging to dinoflagellates and raphidophycean flagellates. At the same time, we enumerated algicidal bacteria by the conventional most probable number (MPN) method . We provide new insight into the habitat and dynamics of algicidal bacterial populations and their potential significance for the prevention of HABs.
MATERIALS AND METHODS
Sampling. Sampling was performed weekly from 27 June to 15 August 2005 at Station (Stn) H31 (coastal site, water depth of 10 m) and Stn H2 (offshore site, water depth of 20 m) located in Harima-Nada, eastern Seto Inland Sea, Japan (Fig. 1) . Seawater samples at depths of 0, 5, and 9 m (1 m above the bottom) at Stn H31 and of 0, 5, and 10 m at Stn H2 were collected using either a Kitahara water sampler or a Van Dorn water sampler. The samples were transported to the laboratory at 5°C under dark conditions. Water temperature and salinity were measured at sites with a submersible CTD (model ACL215, JFE ALEC). Concentrations of dissolved inorganic nitrogen (DIN: NO 3 -N + NO 2 -N + NH 4 -N), phosphate (PO 4 ), and silicic acid (SiO 2 -Si) were analyzed with a TRAACS-800 (BL-TEC K.K.), in accordance with the protocols of Manabe & Tanda (1986) . To represent the total biomass of microalgae, we determined the concentration of chlorophyll a (chl a; Imai et al. 2001) . The appropriate volume of each seawater sample was filtered through a glass fiber filter (Whatman GF/C) immediately after sampling, and the filters were kept at -20°C in the dark. Chl a was extracted in 90% acetone and quantified with a spectrofluorometer (model F-2000, Hitachi) . Phytoplankton in each seawater sample was observed under a light microscope without fixation within 24 h after sampling. Three species of HAB-causing dinofla- , and 3 fish-killing raphidophycean flagellates (Chattonella antiqua, C. marina, and C. ovata) were counted at every sampling occasion. The phytoplankton community structure in the surface water of Stns H2 and H31 on 4 July, during which a diatom bloom occurred, was also investigated and quantified. Enumeration of algicidal bacteria. Algicidal bacteria were counted by the microplate-MPN method ). Axenic cultures of 1 dinoflagellate (Heterocapsa circularisquama) and 3 raphidophycean flagellates (Chattonella antiqua, Heterosigma akashiwo, and Fibrocapsa japonica) were used in the present study as target algae for algicidal bacteria. These algae were cultivated in a modified SWM3 medium (Yoshinaga et al. 1995) at 20°C under a light intensity of 100 to 150 µmol photons m -2 s -1 with a 14 h light:10 h dark cycle. Each seawater sample collected and transported to the laboratory was filtrated through 0.8 µm pore size Nuclepore filters (Whatman) to exclude living organisms larger than bacteria, such as phytoplankton and zooplankton (grazers). The filtrate including bacterial particles was serially diluted with autoclaved seawater. A portion (0.5 ml) of the diluted seawater was dispensed into wells of disposable sterilized 48-well microplates (Wako Pure Chemical Industries) in which 0.5 ml of the axenic microalgal cultures of each species was dispensed in advance. The autoclaved seawater and the seawater filtrated through a 0.2 µm pore size Nuclepore filter were inoculated as bacteria-free controls. The bacteria-microalgae co-cultures in the microplate wells were incubated under the same conditions as microalgal cultivation. Each microplate well was observed daily with an inverted microscope (Olympus KC40), and the wells in which 90% of microalgal cells were killed within 6 d of incubation were judged as being 'algicidal bacteria positive'. The MPN of algicidal bacteria in seawater samples was estimated by the number of algicidal-bacteria-positive wells at each dilution level, calculated using the protocol of the Bacteriological Analytical Manual of the US Food and Drug Administration (Blodgett 1998).
Enumeration and isolation of heterotrophic bacteria in particle-associated and free-living form. Prior to fractionation, the seawater samples were serially diluted 10-fold with autoclaved seawater. An aliquot (10 ml) of seawater at each dilution was filtrated through a 0.8 µm pore size Nuclepore filter, which was placed on an ST10
-1 agar plate (1 l seawater, 0.05 g yeast extract, 0.5 g tripticase peptone, 15 g agar; Yoshinaga et al. 1997) for the cultivation of PAB. A portion (0.1 ml) of the filtrate in each dilution was also spread on the ST10 -1 agar plate for the cultivation of FLB.
After 2 wk of incubation at 20°C in the dark, colonyforming units (CFU) on the filters and the filtrates were counted to calculate the numbers of PAB and FLB in each seawater sample. For the isolation of PAB and FLB, colonies were picked and streaked again on a new ST10 -1 agar plate and cultivated under the same conditions. After repeating this streaking process twice, bacterial isolates were cultivated in the liquid ST10 -1 medium and preserved at -70°C with 10% glycerol (final concentration).
Assay for algicidal activity. The algicidal abilities of PAB and FLB isolates were assayed against axenic cultures of 3 dinoflagellates (Cochlodinium polykrikoides, Karenia mikimotoi, and Heterocapsa circularisquama) and 3 raphidophycean flagellates (Chattonella antiqua, Heterosigma akashiwo, and Fibrocapsa japonica). C. polykrikoides and K. mikimotoi were cultivated in modified SWM3 medium at 25°C under the same light and dark conditions as the other microalgae. The 0.2 µl (ca. 10 4 to 10 5 cells) cultures of PAB and FLB isolates were inoculated into the microalgal cultures (0.5 ml) in wells of 48-well microplates and incubated for 6 d under the same conditions as for each microalga. After 6 d of co-cultivation with each bacterial isolate, microalgal cells were observed microscopically, and in cases where more than 90% of microalgal cells were killed (immobile) and/or lysed, we judged the bacteria to be algicidal activity positive.
RESULTS

Environmental parameters
The temperature of the surface seawater at both sites increased gradually from the beginning of the research (27 June) until 8 August. The seawater temperature at deeper layers (10 m at Stn H2 and 9 m at Stn H31) fluctuated between 2 and 4°C lower than the temperature at the surface throughout the sampling period. Salinity profiles at Stns H2 and H31 demonstrated low salinity at the surface layer on 4 July at both sites. On that date, high concentrations of chl a (23.7 µg l -1 at Stn H2 and 27.8 µg l -1 at Stn H31) were observed (Fig. 2) .
DIN and dissolved inorganic phosphorus (DIP) in the surface layer fluctuated at low concentrations, less than 2 µM and 0.2 µM, respectively, at both Stns H2 and H31. In contrast to the surface seawater, the seawater at the bottom at both sites contained higher concentrations of DIN and DIP. A relatively high concentration of silicic acid existed at the beginning of July at the surface at Stns H2 and H31, and was consumed by the diatoms that were present in abundance at the beginning of July. Fig. 2 . Water temperature, salinity, and concentrations of dissolved inorganic nitrogen, dissolved inorganic phosphorus, dissolved silicic acid, and chlorophyll a at depths 0 to 10 m at Stn H2 and 0 to 9 m at Stn H31 in Harima-Nada from 27 June to 15 August 2005 5400 cells ml -1 at Stns H2 and H31, respectively. Chaetoceros spp. were the third most dominant diatom with concentrations of 1000 cells ml -1 and 400 cells ml -1 at Stns H2 and H31, respectively. Few algal cells of Heterocapsa circularisquama, Karenia mikimotoi, Chattonella marina, C. antiqua, and C. ovata, which are notorious for causing HABs in Japan and frequently occur in the research area in summer, were observed in the seawater columns at both Stns H2 and H31 throughout the sampling period (Fig. 3) . In contrast, Cochlodinium polykrikoides, the other fish-killing dinoflagellate, was observed after the end of the diatom bloom and fluctuated around 6 to 12 cells ml -1 at Stn H31. C. polykrikoides cells also increased in number at Stn H2 and reached 15 cells ml -1 on 15 August.
Microalgal community structure
Fluctuations of algicidal bacteria
Bacteria that were algicidal against 1 species of dinoflagellate (Heterocapsa circularisquama) and 3 species of raphidophycean flagellates (Chattonella antiqua, Heterosigma akashiwo, and Fibrocapsa japonica) were enumerated independently by the MPN protocol . The MPN of bacteria algicidal against H. circularisquama (Hc-killer) did not exceed 4 MPN ml -1 , and in most cases, the MPNs were under the detectable limit (Fig. 4) . The bacteria that were algicidal against C. antiqua, H. akashiwo, and F. japonica (raphidophycean flagellates) also fluctuated at relatively low concentrations ). However, 140 MPN ml -1 of bacteria algicidal against C. antiqua were enumerated at Stn H2 on 11 July, when the diatom bloom diminished.
Viable heterotrophic bacteria in particle-associated and free-living form
We enumerated viable heterotrophic bacteria in particle-associated and in free-living form in the seawater samples separately using the CFU on the ST10 -1 agar plates. Relatively large numbers of FLB were counted during the beginning of the research period (27 June to 11 July), when the bloom of diatoms developed and collapsed at both sites (Fig 5) . FLB counts also fluctuated in accordance with the chl a concentration in the seawater columns at both Stns H2 and H31, except on 3 August. A peak of PAB counts in surface seawater was also observed at the beginning of July at Stn H31, although the PAB counts at Stn H2 did not change considerably during the whole research period. Interestingly, the concentration of PAB at the seawater depth of 1 m above the bottom (9 m) increased in August at Stn H31, but at that time, no chl a accumulation was observed in the seawater column. A weak positive correlation between the average concentrations of PAB and chl a in the water column at Stn H31 (R 2 = 0.55) was observed.
Algicidal ability in FLB and PAB isolates
In total, 736 strains were isolated from the colonies formed on the ST10 -1 agar plates, and their algicidal activities were assessed against 6 species of marine microalgae: Karenia mikimotoi, Heterocapsa circularisquama, Cochlodinium polykrikoides, Chattonella antiqua, Heterosigma akashiwo, and Fibrocapsa japonica ( Table 2) . As a result, 118 strains of PAB isolates at Stn H2 and 133 strains at Stn H31 showed algicidal ability against 1 or more species of the microalgae assayed, corresponding to 52.7% (118/224) 6 species of microalgae. Interestingly, the percentages of algicidal bacteria in PAB and FLB isolates were rather stable regardless of sampling sites and water depths (Table 2) .
Among the 55 algicidal bacterial strains isolated from the FLB fraction, 41 (74%) could kill only 1 of the 6 microalgae assayed in the present study (Fig. 6) . However, almost 80% of the 200 algicidal bacterial strains isolated from the PAB fraction had algicidal activities against more than 2 species of microalgae belonging to dinoflagellates and raphidophycean flagellates. Notably, 31 strains of PAB isolates could kill all 6 species of microalgae tested within 6 d of co-cultivation; no FLB isolate was capable of killing all 6 microalgae (Fig. 6 ). There was no significant difference in algicidal range among isolates from different water depths. 
DISCUSSION
Many reports have demonstrated that, just after the peak of algal blooms, algicidal bacteria targeting the bloom-forming microalgae increase in seawater columns (Fukami et al. 1991 ). These observations were often interpreted as an antagonistic relationship between algicidal bacteria and their prey microalgae, involving bacterial acquisition from organic nutrients by microalgal cells (Roth et al. 2008) . Many researchers have speculated that such a relationship is a major cause of the sudden disappear- Table 2 . Numbers of algicidal bacteria among the fractions of particle-associated bacteria (PAB) and free-living bacteria (FLB) isolated from seawater samples collected at Stns H2 and H31 from 4 July to 15 August 2005 ance of algal blooms as is frequently observed in nature, while others have hypothesized that the destruction of microalgal blooms provides organic nutrient-rich environments that promote heterotrophy of bacterial communities that contain algicidal bacteria (Imai et al. 2001 , Mayali & Azam 2004 . In any case, algal blooms should influence heterotrophic bacteria in both the free-living and the particle-associated form. In the present study, we observed a positive correlation between the concentration of chl a and viable heterotrophic bacteria (CFU) in the seawater column (Fig. 5) . In particular, abundant heterotrophic bacteria (CFU) were observed at the beginning of July when microalgal blooms occurred at both Stns H2 and H31. This result indicates that the photosynthesized and dissolved organic nutrients excreted from microalgae affect the growth and activity of heterotrophic bacteria in ambient seawater. Algicidal bacteria enumerated by the MPN method fluctuated at a low concentration (< 34 MPN ml -1 ), except for bacteria algicidal against Chattonella antiqua (Ca-killer) throughout the research period (Fig. 4) . The result of the MPN method with a liquid algal culture suggested that algicidal bacteria in a seawater sample can grow and prevail against other bacteria in a microalgae-bacteria co-culture. Furthermore, as has been pointed out in previous papers (Yoshinaga et al. 1995 ), a group of bacteria that promote algal growth can live alongside algicidal bacteria in natural environments. Finally, the killing of microalgae in the microplate wells in the present study may be determined by the sum of activities of co-existing bacteria. The number of algicidal bacteria calculated by the conventional MPN method is probably an underestimate. Despite such biases, the MPN protocol demonstrated a prominent increase in Ca-killers in the surface layer at Stn H2 on 11 July, the date when the microalgae bloom disintegrated (Fig. 4) . The bloom (4 July) was mainly composed of diatoms (Skeletonema costatum, Thalassiosira spp., and Chaetoceros spp.) and a few raphidophycean cells including Chattonella antiqua (Table 1) . This result indicates the possibility that the diatom bloom promoted the growth of Ca-killers in ambient seawater at both sites. C. antiqua is one of the representative harmful microalgae that cause blooms and damage the fisheries in HarimaNada. Therefore, the increase in Ca-killers induced by the diatom bloom might act as a potential restraint to the Chattonella populations in the Seto Inland Sea.
In our MPN protocol, the algicidal bacteria attached to micro-scale particles were excluded from the enumeration by filtering the sample through 0.8 to 1.2 µm pores . This filtration process is necessary to preclude the predation of examined microalgae by zooplankton, heterotrophic nanoflagellates, and ciliates, and nutrient competition with other microalgae in seawater samples. Otherwise, it has been shown that several isolates of algicidal bacteria need to attach to the target algae for killing and lysing (a direct attack) (Imai et al. 1993) . This suggests that the algicidal bacterial population attaches to the particles in marine environments (microalgal cells are considered to be significant substrata for bacterial attachment in seawater columns). Therefore, the conventional MPN protocol with pre-filtration eliminates the algicidal bacterial population on particles.
In the present study, we compared the algicidal bacterial populations in free-living and particle-associated 159 Fig. 6 . Prey range of algicidal bacteria in free-living form (free-living bacteria; FLB) and in particle-associated form (particleassociated bacteria; PAB) in a co-cultivation assay with 3 species of dinoflagellates (Cochlodinium polykrikoides, Heterocapsa circularisquama, Karenia mikimotoi), and with 3 species of raphidophytes (Chattonella antiqua, Heterosigma akashiwo, and Fibrocapsa japonica). Numbers of microalgal species killed by bacterial isolates are shown in the pie chart. All algicidal isolates shown in Table 2 were analyzed form. For this purpose, we first isolated FLB and PAB and assayed the algicidal activities of each. As a result, the PAB population, regardless of sampling depths and sites, was found to include more algicidal bacteria than the FLB population (Table 2) . Furthermore, most PAB isolates could kill 2 or more species of microalgae, whereas only 20 to 22% of the FLB isolates could do so (Fig. 6 ). This result strongly suggests that particulate matter floating in seawater accumulates algicidal bacteria that have a wide prey range (algicidal against multiple species of dinoflagellates and raphidophycean flagellates used in the present study). Many algicidal bacteria with wide a prey range have been isolated from seawater environments. For example, Kim et al. (1999) isolated several strains of algicidal bacteria from the southern sea area of Korea that could kill a species of diatom, Chaetoceros sp., as well as Chattonella antiqua. Moreover, it has been reported that bacterial species of the Flexibacter/Cellulophaga/ Bacteroides subgroup mainly consist of algicidal bacteria that use the killing process of 'direct attack' and have a wide prey range (Imai et al. 1993 , Lovejoy et al. 1998 . These previous findings and the results of our study suggest that the algicidal bacterial populations that attach to the particles, especially to the bloomcausing diatom cells, are potential agents restricting algal blooms caused by various species of microalgae.
Symbiotic bacteria exist on diatom cells in mutual (Smith et al. 1995) or commensal (Smith et al. 1995) relationships, which convey protection against algicidal pressure (Mayali & Doucette 2002) . However, it is likely that a commensal or mutual relationship of symbiotic bacteria shifts to a parasitic form when the environment becomes unfavorable for the bacteria (Mayali & Azam 2004 ) and they express algicidal activity against the diatom cells to which they are attached. Grossart & Simon (2007) described isolated bacteria that inhibit or promote the growth of the marine diatom Thalassiosira rotula depending on the concentration of inorganic nutrients, vitamins, and trace elements, indicating a shift of the phytoplankton-bacteria relationship, which can change from a symbiotic or mutual relationship to a parasitic one, or vice versa. Unfortunately, we could not prepare an axenic (bacteria-free) culture of diatoms and could not obtain any information on bacteria that were algicidal against the bloom-forming diatom species. It is possible that the algicidal bacteria associated with particles in the present study played a role in the disintegration of diatom blooms as well as the restriction of HABs.
There remains a question over whether Ca-killers in the FLB fraction, which were counted by the MPN method after pre-filtration through a 0.8 µm pore size filter and prominently increased in number at the end of the diatom bloom in July, were derived from the PAB fraction or not. We purified several strains of algicidal bacteria from the MPN culture, determined their 16S rRNA gene sequences, and compared them to those of PAB isolates that show algicidal activity. We obtained a variety of phylotypes (= ribotypes) of algicidal bacteria from the MPN culture and PAB isolates (data not shown), but the phylogenetic affiliations of several isolates from the MPN culture were similar to those of algicidal bacteria isolated from the PAB fraction. This result indicates that some algicidal bacteria that originally grew on particles (particle-associated form) might have dissociated and moved out to ambient sea water (free-living form), and were detected by the conventional MPN method.
In the present study, we propose a new perspective that microalgal blooms (in our case, a diatom bloom) not only promote the growth and heterotrophic activity of ambient bacterial populations, but also provide adequate habitats as substrata for algicidal bacteria with a wide prey range. Moreover, these bacteria also fuction as a potential restraint on occurrences of HABs caused by dinoflagellates and raphidophycean flagellates. In coastal environments, particles floating in the seawater column should originate from zooplankton, animals, and terrestrial substances besides phytoplankton. In our study, the number of PAB increased in the deeper layer in August at Stn H31, the nearshore site, regardless of the low abundance of microalgae in the surface layer. It is probable that the origins and compositions of particles at H31 might change seasonally, but we do not have any information about this. More information on the species composition, physiological characteristics, killing mechanisms, and ecological features of algicidal bacteria in the PAB fraction should be elucidated to shed more light on the interrelated dynamics of algicidal bacterial and microalgal populations in coastal sea environments.
